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AhSTRACT 


Katinue  and  crack-growth  analyses  are  presented  for 
seven  hvd rof o i ] - f ol i structures  (box  beams)  tested  at  the 
David  W.  I'avlor  Naval  Ship  Research  and  Development  Center. 
Ihe  box  beams  were  constructed  of  materials  and  details 
representative  of  full-scale  foil  structures.  All  box 
beams  ! a i 1 ed  before  ex[ilratlon  of  their  designed  duration. 
Results  of  the  analyses  indicate  these  procedures  can  be 
used  to  predict  failure  in  the  box  beams.  Stress- 
concentration  factors  and  residual  stresses  were  assumed 
in  the  latigue  analyses.  Initial  flaw  sizes,  based  on 
nondestructive  test  technifiues,  witre  assumed  in  the  crack- 
growth  analyses. 


ADM ! N 1 S 1 R.Vr  1 V E IN  KOR.MA'l  1 1 >N 

This  work  was  1 unded  and  authorized  by  thi-  Naval  Sea  Systems  Command 
(OJbil)  unier  I'ask  Areas  43.422.505  and  43.422.50b,  Work  Units  l-]73U-il2 
and  1-1730-342  for  Fiscal  Years  197b-77. 


INTRODUCTION 

A large-sc.ile  fatigue  evaluation  ot  hydrofoil-foil  structures  (box 
beams)  is  being  conducted  at  the  David  W.  Taylor  Naval  Ship  Research  and 
Development  tenter.  One  segment  oi  the  hydrt'foil,  tapered-box  beam  pro- 
gram^ is  the  analvsi'-  oi  tatigue  and  crack-growth  behavior  ot  tlie  struc- 
tural elements.  Fatigue  and  crack-growth  analvses  of  seven  livdrofoil  box 
be.ams  are  presenteii  using  predictive  techniijues  fur  cumulative  damage  and 
line.ar  elastic  fracture  mechanics. 

hOX-BFAM  DFSCRII’TION  AND  TKSTINC  METHOD 
Ihe  box  beams  are  representative  of  actual  hydrofoil  geometry  and 
fabrication  details.  Hie  forward  foil  of  HICH  I'OINl  (I’CH-1)  (Figure  1) 
was  used  as  the  basis  for  t lie  design  of  tlie  box-beam  test  section;  see 
Figure  2.  Tlie  cross  direction.il  arrangement  of  the  internal  stiffeners 
is  called  ''egg  cr.ite"  construction.  [’his  type  of  construction,  which  is 

'lie.ich,  l.E.  el  .il.,  "A  l..■lrge-Sc;l  1 e Fatigue  Evaluation  ot  Hydrofoil- 
Foil  Structures,"  SNAME/AI/Vil  Adv.nu  ed  Marine  Vehicles  Conference  (17-19 
Apr  197H.  A complete  listing  ot  references  is  givi-n  on  page  HI. 
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ivjMi.il  I't  wt'Kii’ii  liviirotoil  toils  and  struts  in  ^>oiu'ral,  ri'(|uiris  sinulo- 
-idod  Wolds  to  (onnoct  t ho  cover  plat  iso,  to  t lie  internal  stif’^eners  (close- 
out ) in  till'  contoi  rus  t ion.  Throe  metliods  of  closure  are  shown  in  Pi^nre  1. 
1 lu-  tati.nuo  perlormance  ot  tliesi>  s i ngle-s  i<ied  welds  is  considered  poor. 
.•\ccess  Iron  one  side  onlv  limits  the  capabilities  ot  the  welder  and  the 
innide.st  riu  t i ve  testing  (NDT)  of  the  weld,  thereby  increasing  the  proba- 
bilitv  ot  large  ilefects  being  built  into  the  structure. 

I'he  design  of  the  basic  hvdrof  o i 1- tyi>e , box  t)eam  is  a tapered  test 
section  4H-in.  in  length,  having  a solid  "toiigue"  addl'd  at  the  top  for  load 
.ipt>  1 i ca  t i on  .and  .i  ()-in  tr.ansition  to  a solid  plate  added  at  the  bottom  to 
eliminate  stres.s  concentrations.  The  slot-weld  configuration  of  box  beams 

l,  J,  and  a (1/2-in.  HY-HO  steel)  is  showai  in  Figure  4.  The  patch  con- 
figuration of  box  beam  1 (IIY-HO)  is  shown  in  Figure  Y . 

HY-l)l)  .iiul  1 /-4PH  stainless  steel  are  two  other  materials  that  are 
being  considered  tor  livd  ro  f o i 1 - 1 oi  i applications.  liie  eA.ieiri.al  geometry 
of  the  box  beams  is  not  changed.  Based  on  the  ratio  of  the  yield  strength 
of  the  new  material  to  that  of  FY-80,  and  considering  commonly  available 
•jlate  thicknesses,  the  pl.iting  thickness  changes  5/H  in.  for  HY-130  and 
>/in  in.  for  17-4(’ll  steels.  Box  beams  5 and  (t  .ire  made  of  HY-130,  while 
box  t)eams  7 .and  H are  constructed  of  17-4FH.  Box  beam  7 bas  .1  T-weld 
( onf  i gur.it  ion  (Figure  h)  while  Table  1 gives  the  material,  con  f i gur.i  t i on  , 

• ind  test  i-nvironment  of  e.ich  box  beam. 

Oevi  1 t'pment  of  the  toil-load  spectrum  is  tliscinised  in  Reference  1. 
Figure  7 siiows  the  spectrum  as  a percentage  of  yield  strengtii,  a[)plied  to 
e,t(  h box  tie.im.  The  m.iximum  stress  lor  each  box  be.im  is  determined  f rom 

m. iximum  1 o.id  .and  me.asured  sensitivity  found  from  sl.atic  ti'sts,  using  the 
f o 1 1 ow i ng  ecju.a t i on 

) • (si  ns  i t i vi  t V ) (1) 

Max  M.ax 

T.able  2 presents  the  maximum  st  ri'SJies  for  box  be.ams  2 through  8,  .and  Table 
) shows  the  stress  spi'ctr.a  .ap[)lied  to  box  be.ams  2 through  8. 
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FAIl-URh  LOCATIONS 


Thi  box  boams  were  designed  Lu  last  tor  7.j  ' 10  cyt les  7j00  blocks 

ot  1000  ivcles  per  block;  however,  all  box  beams  tested  developed  fatigue 
tailuns  bi'fore  attaining  the  designed  mc-asure.  A fatigue  tailure  was 
considered  to  be  tlie  first  visible  through  crack  occurring  in  the  box-beam 
test  section.  Box  beam  1 experienced  a static  overload  lailure  and  has 
not  been  included  in  the  subsequent  analyses.  Table  4 gives  the  first 
locations  of  failure  for  the  box  beams. 

FAllC.UK  ANALYSTS 

Fatigue  analyses  were  performed  on  each  box  beam,  using  the  Talmgren- 

3 

Miner  cumulative  damage  theory'"’  in  association  with  the  Coodman  law. 
Cumulative  damage  theory  assumes  failure  when 

cn./N.  =1.0  (2) 

1 1 

where  ii . eqtiai.s  the  number  of  cycles  at  .stress  level  i.  and  N,  equals 
t ■ 1 

the  number  of  cycles  at  stress  level  1 t('  cause  failure.  N is  determined 

from  fatigue  data  for  basic  materials,  presentc-d  as  stress-versus-1 ite 

(S-N)  diagrams.  These  small  specimens  are  usually  tested  under  tully  re- 

v*'rsed  condition.s  (k=-l).  The  stresse.s  applied  to  the  box  beam  are  not 

fully  reversed;  however,  an  equivali-nt  fully  reversed  stress  is  found 

4 

using  the  Coodman  law 

1 = o ( 1 - o /o  ) t 3) 

;in  n m u 

where  ' = fatigue  strength  at  .i  given  stress  ratio 

an 

= fatigue  strength  at  R=- 1 

0 = mean  value  of  alternating  stress 

ra 

0 = ultimate  materi.al  tensile  strength 

u 


^Palmgren,  A.,  "Lie  Lebanstauer  Von  Kuge ! l.igern , " VDl-/,  Vol.  68  (1424). 

^Miner,  M.A.,  "Cumulative  Damage  in  F.atigue,"  lournal  ot  Applied 
Mechanics,  V'ol  . 12  (1443). 

‘‘Richards,  C.W.,  "Chapter  4,  Kng  i neer  i ng  Mater  i.ils  .Science,"  Wadsworth 
t'ubilshing  Company,  San  Franci.scu  (1461). 
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is  t lu-  unknown  i’(|uLvaU>nt  fatigue  strcMigtii  at  k=- 1 


(4) 


rill'  i'(|uivalent  stress  spectra  for  ijex  lieams  2.  through  H ari‘  shown  in 
l alili'  'j . 

Fatigue  lile  calculations  were  made,  using  a number  ot  S-N  turves  for 
eacli  box  he.im.  The  ca  1 cu  I at  i oioi  of  fatigue  lile  tor  each  box  beam  are 
given  in  Appendix  A. 


FAi  Ii;i;i;-ANA1.YSKS  RESULTS 

Ia!)li'  f>  gives  till-  results  of  tlie  fatigue  analyses,  comparing  them  to 
.ictual  liox-he.im  tailures.  Notch  conditions  (K^=}  to  i.ih)  were  assumed 
re'prtrsentat  iee  of  an  as-welded  condition.  This  assumption  seems  valid  for 
some  of  till’  box  beams. 

Iwo  alternative  explanations  for  actual  failures  occurring  sooner 
than  predicted  are:  (1)  either  the  actual  stress-concentration  factors 
in  the  box  beams  were  greater  than  1.0,  or  (2)  the  liox  beam  in  the  as- 
welded  condition  contained  residual  stresses. 

An  an.ilvsls  method  similar  to  one  used  by  Boeing  in  the  I’HM  (patrol 
lombat ant  missile  hydrofoil)  p roduc i b i 1 i t y study  was  used  to  determine 
the  notch  condition  that  woulii  catise  failure  in  the  box  be.im.  A relation- 
ship is  est.ib  1 i sill’d  between  and  the  fatigue  strengtii  .it  a given  number 
of  cycli’s,  e.g.,  10^  or  u/’  cycles,  where  most  ot  tfie  fatigue  damage 

occurs.  As  .1  general  rule,  a 20-percent  decrease  (increase)  in  fatigue 

■k 

strengtii  will  halve  (double)  the  fatigue  life.  Baseline  calculations, 
using  box-hi’am  s[)ectr;i,  supported  this.  Table  7 presi’iits  the  notcli  con- 
ditions thus  calculated  in  Appendix  A.  The  rangi’  of  notches  determined 
are  witiiin  typical  for  as-welded  structure  as  reported  by  Ellingwood 

and  l.nm.'ii  kv  at  the  Center,  excejit  for  box  beam  4. 


’llixler,  W.l).  and  I). I).  Miller,  "Slow  Crack  Crowth,  Fracture,  Fatigue 
and  Corrosion  Assessment  of  I’roduction  I'ilM  Struts  and  Foils,"  Boeing 
Document  1)112-804  17-1  (l')7'}). 

k 

Convers.'it  Ion  with  Mr.  D.l).  Miller,  Boeing  Marine  Systems.  Boeing  Co. 
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liMisilt*  residual  stresses  were  included  In  the  perforraed  analyses  of 
box-beam  spectra  and  latlpue.  Ihese  stresses  Increased  the  nK*an-stress 
levels,  thereby  1 ncreas  i the  calculated  ecjuivalent  fully  reversed  stress 
rank>e.  Tlie  residual  stresses  necessary  to  c.iuse  failure  in  the  box  beams, 
based  I’U  representative  as-welded  conditions  K^=J.O  to  1.26,  are  H*ven 
in  lable  H,  based  (ui  i alcul.it  ions  presented  in  Appendix  A.  The  residual 
tensile  stn-sses  necessary  for  failuri'  are  within  reported  values.^ 
Ki'siiiu.il  stresses  resulting;  from  welding  are  reduced  by  postweld,  tliermal 
stress  relief,  he.it  tre.itment.^  Box  be.im  7 went  through  an  aging  cycle 
at  lldl)  F,  resulting  in  partial  stress  reliel.  Box  be.ara  8 was  solution 
treated  at  1900  F then  aged  at  1100  F,  resulting  in  full  stress  relief. 


CkvXCK-iiROWTH  ANALYSES 

I rack-growth  an.alyses  were  used  to  predict  the  lives  of  the  box  beams 
subjected  to  load  spectra.  ihese  analyses  were  performed  using  the  tlieory 
of  linear  e 1 ast ic-f ract uri-  mechaniis.  Both  surface  flaws  and  through-the- 
thiikness  cr.icks  were  modeled,  and  their  growth  was  calculated. 

Cr.ick-growti)  r.ite  is  assumed  to  be  governed  by 

da  ^ CC.  Kj"  .. 

dN  F(K)  ^ 


where  a 


N 

( :,n 
F(K1 


AK 

R 

K 


either  cr.ack  deptli  for  surface  flaws  or  iialf -crack  length  for 
tlirougii-t  iie-t  liickness  cr.icks 

number  of  cycles  ot  load 

material  const. ants 

1 for  1‘AKIS  eipi.ition 

(l-R)K^-.AK  for  FtiR.M/\N  eipiation 

St  ress- int  ens  1 1 v range  .at  crai  k tip 

r.atio  of  minimum  to  m.aximum  stress  tor  eacli  load  ivcle 
critical  st  ress- intens  i t v lactor  for  inist.ible  crat  k growth 


^"Structural  Steel  Design,"  Edited  by  L.  fall,  Ronald  I’ress  Company, 
New  York  ( 1974) . 

^"Welding  Handbook,  Section  1,"  Edited  by  A.I..  I’hilllps,  American 
Welding  Society,  (i . 5.29  (1969). 


Thi'  main  varlaMo  determining  crack  growtli  is  the  stress  intensity 
tacter.  Hie  ecination  used  to  calculate  stress-intensity  range  at  tiie 
.rack  t i p was 


■ K 


for  surface  flaws 


( ha) 


ot 


‘K  = ■‘.e  y^a  F(a/w)  for  tiirough  cracks 


(hb) 


wtiere  ‘ = nominal  stress  range 

M,  = h.ickface  correction  factor 
k 

()  = flaw-shape  parameter 


whi're  K = elliptical  integral  of  the  second  kind  for  the  surface  flaw, 
fhe  following  term  is  used  to  applv  a correction  for  a through  crack  in  a 
tin! te-w idt  h plate. 

K(a/w)  i ^sec  ^3:1^  (7) 


w!  rre  h = half-widtli  of  pL.ite.  The  .analyses  were  performed  using  a modi- 
tied  ver-.ioii  Ot  .a  c r.ick-growt  h computer  program,  CRACKS  11.  The  program 
was  mollified  ti'  allow  for  v.arving  surface-flaw  shapes.  This  and  other 
mod  1 1 ii  .at  ions  are  discuss’ed  in  detail  in  Reference  1.  Analyses  were  per- 
t'rmed  for  v.arions  flaws,  using  the  P.aris  .ind  Korm.an  ispiat  ions  both  with 
• iiid  without  rel.ard.it  ion.  The  Williuiborg  re ' .ird.at  1 on  model  was  usi*d  with 
.in  .issumed  pl.iiie-st  ress  vli'ld  zone.  Ketard.it  ion  accounts  tor  residu.tl 
compressive  stresses  .it  t lu'  cr.ack  t ip  indiiced  bv  high-tensile  overloads. 
Ihe  ( r.ii  k then  t.akes  time  to  progress  through  the  vii'ld  zone,  slowing 
I rack  growth  for  the  subsecpient  sm.aller  loads.  Bv  using  t'u'  Wlllenborg 
model,  reduci-d  effivtive  stresses  nuiy  be  i ,i  1 cu  1 at  »‘d  for  ' f lower  loads 
to  ri't.ard  tin-  cr.ack  growth. 


Kngle,  R.M.,  "CKAtlKS  11  llsi-r's  Manual,"  Striictures  Department,  Air 
Force  Flight  Dyn.amics  l.abor.itorv , Dayton,  Ohio,  AFFDI  - l’M-7A-l  7 1 (1D74). 
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Using  Interactive  Computer  i.raphics,"  Symposium  on  Applications  of  Com- 
puter .Methods  in  F.nglne<*r  Ing  (2  1-<?f)  Aug  1177). 
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Thf  material  crack-growtli  constants  are  ca  1 ni  1 at  ed  t rc’m  available 
da/dN  versus  AK  data.  These  const.ints  vary  accordlnv;  to  m.iterlal,  envi- 
ronment, stress  ratio,  and  te.stlnn  technique.  For  each  type  ot  nuiterlal 
and  environment  there  is  usually  :i  wide  scatter  ol  d.ita.^**  (!rack-^rowt  h 
constants  used  in  these  analyses  represent  upper-bound  (iastest  r.itesj 
growth  data.  This  .issumptlon  would  be  a i ons»-rvMt  i ve  e.st  invite  used  in 
design.  Most  crack-growth  data  .ire  obtained  at  K levels  from  20  to  100 
ksi  I in.  A curve  is  fitted  to  these  data  on  .i  log-log  plot  so  th.it  C and 
n lonstants  of  Kquat  ion  (5)  can  be  determined.  This  represents  the  best 
estim.ite  of  crack  growth  between  the  AK  levels.  Ihe  curve  is  tfuui  extrapo- 
lated to  lower  AK  levels  until  the  threshold  .'.K  (AK  , ) is  re.iched.  The 

th 

.ictu.al  growth  relationship  would  be  as  shown  in  Figure  K.  This  extrapol.i- 
tion  can  result  in  error  for  loads  that  produce  low  K levels,  tvpical  tor 
surlace  flaws.  These  kinds  of  data  are  dlfticult  and  costly  to  oht.iin, 
so,  usually,  the  original  curve  must  be  extrapolated.  However,  ci.ick- 
growth  data  at  low  ,'.K  aie  needed. 

Initial  flaw  size  .and  shape  are  m.ijor  assumptions  in  a crack-growth 
analysis.  These  are  critical  because  they  determine  the  st ress- int eiis i t y 
range  i.K  and,  thus,  the  crack  gri'wth.  Fven  slight  changes  in  t I.iw  size 
and  sh.ipe  can  s igni  t leant  iy  .alter  the  cr.ick  growth  .and  the  life  .)!  the 
box  beams.  Initi.al  flaw  sizes  were  based  on  the  smallest  craik  tliat  coulii 
be  detected  using  NUi  techniques.  himits  for  the  edtiy-current  , .\-r  iv,  and 
ultrasonics  methods  were  used  for  initi.al  I law  sizes;  see  Figure 

Analyst's  were  performed  on  each  box  be.am  to  predict  the  time  to  lirst 
failure.  Failure  is  del  ined  .as  the  time  for  a surtaie  t l.iw  to  grow  to  .i 
through-t he-thickness  crack.  I’redictions  were  made,  using  the  three 
initial  flaw  shapes  and  the  P.aris  and  Forman  eijuations  with  and  without 
the  effects  of  retardation.  twelve  diflerent  lite  prediitions  were  m.ule 
for  each  box  beam;  results  of  these  .analyses  are  given  in  .•\|)pendix  B. 


Clark,  W.(;.  and  S.J.  Iludak,  Ir.,  "Variability  in  F.atigue  Crack  Crowth 
Rate  Testing,"  .lournal  of  Testing  and  evaluation,  Vol.  J (Nov  197S). 
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Atti-r  .1  thr(m^;h  rrnck  appt-ars  in  tlie  box  benin,  additional  load  appli- 
. ativins  will  rosnlt  in  fiirtbor  craok  v;rowth.  ('.rack- lonj^t ii  measurements 
ran  be  taken  tiuring  the  testing;,  providing  specilie  data  for  crack  length 
'.■et-ais  mimlu'r  I't  load  hli>ck'>.  Analvses  can  then  be  pertormed  bv  knowing 
t lie  initial  crack  U-itglh  tliat  was  measured.  Predictions  can  be  nvnie  using 
P.iri.^  and  K<'rtn.in  e<piat  ions  with  .tnd  without  retardation.  Some  oi  the 
I ra.  k-growt  ii  measurements  were  taken  ii’r  a limitcui  cr.ack  lengtii  or  number 
ol  1 o.id  blocks,  and  no  predic  t ions  of  gn'wth  were  m-ade.  Box  beams  b 
tiinuigii  7 I'onta  ne(i  throngii  cr.icks  that  provided  <-nough  data  to  compare 
witii  predictions.  Since  initial  and  intermediate  crack  lengths  were  known, 
conclusions  couiil  be  made  as  to  wliich  model  produced  the  best  results. 

Also  different  c r.u  k~growt  li  dat.i  could  be  used  to  calculate  ('  and  n,  which 
might  give  < loser  j'red  ii  t ions . Dat.i  and  results  ot  through-cr.ack  growth 
ifi'  present  I’d  in  Appendix  i. . 

CKACK-CKDWlH  ANAi.YSKS  RKSL'I.TS 


Sl'KPAiiK  n.AWS 

Sii  r f .ice- f 1 .iw  .'in.'i  1 vses  were  u.sed  to  t rv  to  pri'dict  tiie  time  to  first 
l.iilure  of  each  box  beam.  D.  t.iiled  results  are  given  in  Appendix  B. 
r.iiili'  ')  contains  the  closest  predictions  for  each  box  beam.  Two  possible 
situ.itions  could  exist  to  explain  discrepancies  in  .ictu.al  versus  predicted 
lives.  ihev  .are  either  (1)  .an  initial  flaw  size  th.at  was  different  from 
th.it  .assumed,  or  (2)  crack-growth  d.it.a,  used  to  c.alcul.ate  the  constants 
( .and  n for  Htpi  it  ion  ('ll,  did  not  adeipiately  represent  crack  giowth  in  the 
box  beam.  As  the  crack-growth  d.it.a  usiai  wi-ri-  upper-bound  (tasti’r  growth) 
d.ata,  .1  sliorter  life  pri'dict  ion  'would  most  likely  occur. 

Itie  ultrasonic  surf.ace  flaw,  combined  with  the  i-'orman-unret arded 
ef|u.ition,  came  closest  to  predicting  f.ailure  for  tlY-HO  box  beams  2 through 
A.  All  other  predictions  were  much  gre.ater  than  the  .actu.il  llte. 


H 


Tlu'  I’.irls  equation  came  closest  to  preillctliiK  (allure  Inr  the  eddy- 
current  f law  in  HY-1  )0  box  beams  5 and  b.  Retardation  ^ave  the  closest 
values  tor  box  beam  5 In  saltwater,  while  the  unretarded  equation  save  a 
betti'r  tit  for  box  beam  6 In  air. 

The  duration  ot  box  beam  7,  tested  in  saltwater,  was  best  predi.ted 
for  an  X-ray  flaw  with  a Korman  retarded  equation.  This  box  beam  was  con- 
struite(i  of  vacuum-melted  17-41'H,  directly  a^ed  at  1100  F,  having  a yiehl 
stress  ot  112  ksi. 

box  beam  8 was  constructed  of  v.icuum-me 1 ted  sol ut ion-t rented  and  aged 
17-4I’H  II  1100  and  was  tested  in  s.altwater.  This  material  had  a yield 
stress  of  15T  ksi.  The  Paris-retarded  equation  with  eddy-current  and 
X-ray  flaws  gave  the  closest  v.alues  of  predicted  life. 

THROUCdl  CRACKS 

Crack-growth  data  were  available  tor  three  througli  cr.tcks  eacli  on  box 
beams  5 .an<i  fi  and  for  ono  through  crai  k each  on  bo.x  hc’am.s  7 and  8.  Due  to 
limited  data  for  some  of  the  cracks,  only  four  cracks  were  used  to  check 
predlcteti  values.  Since  specific  crack-growth  data  are  available,  these 
.in.iiyses  should  give  the  best  imiicatioit  as  to  which  model  e(]uat  ion  and 
retardation  is  most  applicable  for  each  box  he.am.  The  complete  analyses 
are  cont.iined  in  Appendix  C. 

For  all  the  box  beam.s,  the  P.rris  "retardeti"  model  t its  the  d.it.i  best  . 
Over  the  whole  time  ot  growth  this  model  "p  r ed  i c t eii”  slightlv  taster  grv'wth 
than  acttially  occurred,  except  for  hox  be.nn  7,  where  it  showed  slightlv 
slower  grt'wth.  lo  make  comparisons,  matiri.il  const. ints  C .ind  ti  were  cal- 
culated tor  lower-bound  (slower)  i r.ick-growt  h d.it.i  .uiil  tor  the  .iver.ige  ot 
lower-  and  upper-bound  d.ita.  These  const.mts  were  usi-d  to  m.tki'  new  pti'- 
dictlons  using  the  Paris  retarded  model  on  box  lusims  S .ind  b and  with  the 
P.aris  "unretarded"  model  on  hox  beam  7.  Results  ,ire  shown  in  Kigutes  10 
tlirough  1).  The  average  values  c.ime  ilosest  to  pri'dlcting  the  cr.ick  growth 
for  each  ot  the  through  cr.acks. 
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FrKlHKK  ANALYSIS  OK  SKRKMK  FLAWS 

ltK‘  nodfls  uLuh  bi-sl  jircdictfd  the  throujith-crack  growth, 
an.ilvM’S  were  performed  again  for  various  initial  flaws  in  box  beams  5 
througli  7;  see  Appendix  I'.  For  box  beam  , having  avtrage  material  con- 
•tanls,  the  X-rav-llaw  an.iLvsis  predicted  failure  within  8 percent  of  the 
actual  Lite.  No  other  significantly  better  predictions  were  shown. 


N’dICH  ANAl.YSKS 


A notch-deformation  and  cumulative  dam.ige-anal ys f s computer  program 
SLFKKSF*  was  used  to  determine  the  crack- in i t i a t 1 on  periods  for  box  beams 
through  8.  Ihe  stress-strain  liistory  at  tlie  notches  was  simulated, 
basid  on  properties  of  basic  materials,  stress  level,  and  notch  geometry. 
\ r.iiige  of  fatigue  s t reng  th- reduc.  t i on  fai  tors  was  assumed  for  the 
analvses.  The  damage  .accumulation  .ilgorithm  is 


D. 


1 


(H) 


will  re  m .and  c are  experimental  regression  constants 

is  the  i^^'  '.  I r-a  i n-,imp  1 i t ude  reversal 
I i 

Nj  is  the  i^*'  efpiiv.alent  tullv  reversed  cycle. 

Init  i. it  ion  occurs  wlien  tlie  .aci  umulated  dam.age  re.aches  unity.  Ke.sults  of 
tile  .iii.ilvses  .are  presented  in  Appemlix  K. 

Stress  concentration  t.ntors  were  determined  for  the  assumed 
initi.il  fl.iws  used  in  tlie  c r.ic  k-growt  li  analyses.  fable  10  gives  tlie, notch 
,'eumetrie.s  for  the  eddy-i  ur rent  , ultrasonic,  and  X-rav  fl.aws.  Ihe  for 
e.ii  li  condition  was  determined,  using  tiie  following  equations  from 
He ( e rence  b 


K = 1 + 

(9) 

1 

K = (t).7H  + .’.Ihyiilr 

(10) 

t 


developed  by  8.  LlJingwood  and  I).  Martlti  at  the  Oeiltet  In  .lune  1978. 
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for  1 a/t  • 3f)() 


K = 1 + (K,-l)/r, 
t 1 


(11) 


whort*  <1 


1 + 


^b.oj_37y 


0.  7f' 


for 


f).  10 


A comparison  of  Liioso  three  equations,  where  applicable,  us  inn  'he  three 
surface-flaw  nt-’omt’t  r ii'S  is  fable  11.  Usinn  in  Kquation  (ilj 

for  the  ultrasonic  and  eddy-current  flaws  n^ves  similar  ‘‘s  calrul.ited 

bv  Kquations  (9)  and  (10).  The  for  the  eddy-current  flaw  could  not  be 
determined  from  Kquation  (11).  I'he  fat  i noe-st  rennt-l> . reduction  tarter  c.an 
be  conservatively  estimated  bv  assuminn  selected 

for  the  (.-tidy-current  flaw. 

Total  [>redieted  lilt-  is  dett-rmined  bv  addinn  the  predicted  flaw-nrowth 
life  and  the  predicted  initiation  life;  see  fable  Id.  The  initi.it  ion 
period  is  a small  percentage  of  the  tot.il  prediited  life  (5.1-per  t-nt 
.aver.ane)  .and  the  ai  tu.al  test  life  (3.4-percent  .iver.ine ) : see  ! ible  1 1. 


Cl  )N(;i,L’Sli'NS 

1.  /\1  1 lu)x  beams  tested  l.ailed  before  expir.it  Ion  of  tlieir  desinu 
life  of  7)00  spect  r.i  7.5  ■ 10  cycles. 

2.  Fatigue  analvses  showed  that  stress-concentration  f. liters  t rom 
d.4  to  7.7  and/or  residual  stresses  t rom  <>  1 1'  11  ks  i were  nec  essarv  to 
predict  failure  in  e.ach  of  tlie  I'ox  beams. 

1.  Oack-growtii  an.ilyses,  using  linear  ef.istic  tr.icture  mecii.in  i i .s , 
sliowed  tliat  initial  flaws,  based  on  NDl  metliods,  can  be  used  in  predicting 
f.iilure  in  tlie  box  be.ams. 

4.  I'll  rougli-c  r.ack  growtii  can  be  accur.atelv  predicted,  using  tlie  i’.iris 
eijuation  with  tlie  Willenliorg  retardation  model  for  tlie  HY-110  box  be.ims 
.and  the  I’aris  equation  without  retardation  tor  the  17-41’11,  direct  Iv  aged 
box  beam. 


I 1 


The  crack-lnlL lat ion  period,  determined  hy  noLcii-deformat ion 
analyses,  is  a small  percentage  (5.1-percent  average)  of  the  total  pre- 
dicted lite  of  each  box  beam. 
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ArrKNDIX  A 


> 


FATIC.UK  ANAl.YSKS 

Calculations  for  the  tatiguf  an.ilyses  of  box  bc-ams  2 throunb  K,  b.isod 
on  the  I’a  lniy,r  on-M  i no  r cumulativo  datnano  tboory,  aro  prosontod  in  this 
append i X . 


1 . 


BOX 

HhA.MS  2, 

3,  and  4 

HY-80  STKKI. 

lb  i 

ckness  = 

■ 0.5  inch; 

Fit 

imate  strength  = 

10  3 ksi . 

[1 

Max 

(ksi) 

0 

Min 

(ksi) 

^Mean 

(ksi) 

'^Alt 

(ksi) 

1 

2 3. 

18 

0 

. 00 

— 

— 

— 

— 

27. 

82 

18 

. 54 

23. 

18 

1 

2 3. 

18 

-2  3 

. 18 

— 

— 

-- 

— 

312 

3 3. 

30 
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.20 

27. 

75 

5. 

55 

3 

52. 

, 59 

27 

.75 

— 

— 

— 

— 

1 38 

38. 

, 79 

25 

.85 

32. 

32 

b. 

47 

( ks i ) S ( ks i ) 

n r 


5. 

99 

11. 

98 

7. 

bO 

15. 

20 

9. 

. 3 

18. 

8b 

2 3. 

18 

sb . 

, lb 

20. 

3b 

40. 

72 

14, 

, 70 

29. 

. 57 

n/hhuk 


544 

il2 


1 

1 

1 


Cumulativo  darna^;*'  calculations  lor  box  beams  2 and  j are  >;ivon  in 
lablo  14  based  on  S-N  , urves  of  Ki>>ure  14.  Results  indicate  an  assumed 
not>b  condition  K^*=J.2b  will  i ause  tailure  in  HO ) 1 spectra.  Ailual  tail- 
ure.s  for  box  beams  2 and  ) were  70H0  and  4170  spectra,  respi-i  t i ve  1 y . 

A r e 1 <J  t i onsh  1 p is  estalil  islied  bi'tweiui  st  ri'ss  concentration  .jnd  tati^tue 

h * 1 1 

strengtli  at  10  cycles,  f.itinue  qualitv  ratin>;,  tor  IIY-80  ainl  HY-1()0 

tested  in  seawati-r;  sei'  KiKure  15.  A 2U-percent  decrease  (incre.ise)  in 


*11. S.  Naval  Knuineerinn  Kxperlment  St, it  ion.  Computer  I’rintout  KKS  910 
178  420/bb. 

^'cross,  M.K.  and  H../.  Czyryca,  "Kltects  of  Notches  .ind  Salt  W.iter 
Corrosion  on  the  Flexural  Fatigue  I’ri>pertles  of  Steels  tor  Hydrospace 
Veliicles,"  Nav.il  Fnjtineers  Journal  (Dec  19b7). 


1 i 


J 


Thf  iiiitcii  contli- 


A 

sfi-n^lh  will  halve  (duiible)  the  fati^ie  liti'. 
lien  thus  taleulaled  tor  box  beam  2 is  3.7;  for  box  beam  3,  k^=b.7. 

Kesidu.tl  stres.ses  of  10,  If,  20,  and  10  ksi  were  assumed  for  box  beams 
2 and  i,  and  tatinue  lives  were  determined.  The  results  are  presented  in 
Fixture  in.  I'he  risidual  stresses  determined  for  K^  = 3.2')  are  10  ksi  for 
bt'x  beam  2 .ind  20  ksi  for  box  beam  3. 

Cumulative  damat^e  calculations  for  box  beam  s cere  ^iven  in  T.ible  15, 
b.tsed  iin  .S-N  curves  of  Figure  17.  Failure  is  predicted  after  219, bOO 
spectr.i  tor  K^=3.2b.  Box  beam  4 failed  after  b2b0  spi!Ctra. 

A relationship  is  established  between  K and  fatigue  strength  at 

s ^1112 

ID  cvcli’s  tor  HY-80  tested  in  ,iir  in  Figure  18.  ’ ^ The  notched  condi- 

tion necessary  tor  the  box  beam  to  tail  is  greater  thin  20,  which  is 
unreal  ist  ic  . 

Kesidu.il  stresses  of  10,  20,  30,  and  35  ksi  have  been  assumed  in  the 

box  beam,  ind  the  results  are  presented  in  Figure  19.  An  assumed  residual 
stress  ot  33  ksi  with  K^=3.25  will  predict  failure  in  box  beam  4. 


2.  BO.X  B1.,VM  5 ilY-130  STF.Kl. 
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3 
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1 38 

81  . 

,04 

40. 

88 

50. 

, 88 

10.18 

Per  conversation  with  Mr.  O.I).  Miller,  Boeing  M.irine  Systems, 
Boeing  Co. 

^^(,ross,  M.R.  and  11. C.  El  1 1 nghausen , "Investigation  of  the  Fatigue 
Properties  ot  Submarine  Hull  Steels,  U.S.  Naval  Engineering  Experiment 
Station,  RiO  Report  910  178,  S-R007-01-01  (31  Aug  1980). 
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n (Rsi) 

S (ksl) 
r 

n/f3lock 

9.  75 

19.  50 

594 

12.50 

2 5 . 00 

312 

15.67 

31  . 39 

1 38 

3 1> . 98 

72. 9h 

1 

39.  78 

69 . 56 

3 

23.65 

97.  31 

1 

Ciimul.ii  ivL!  damage  calculations,  based  on  Hoeing  S-N’  data  K =1.13  ot 
* 13  \U 

Figure  20,  ’ are  presented  in  Table  16.  Failure  was  predicted  in  Ull 

spectr.i  cc'mpared  to  ^396  spectra  to  actual  failure. 

Fatigue  strength  at  10^’  cycles  is  related  to  stress-concentration 
factor  lor  HY-130  cycled  in  saltwater  in  Figure  21.  A stress  concentration 
ol  2.9  w.as  determined  U'r  box  beam  5. 

3.  BOX  BFAM  6 - HY- 130  STKKl. 
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8. 
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77. 

01 

90 

5 b 
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-- 
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1 38 

56. 

69 

37 

76 

47. 

29 

R. 

s5 

l)..S.  M.irine  lOigineering  h.iboratory , Computer  I’rintout  MF.l. 565/65  920/hh. 

^ ^Hyd  ron.'iu  t i i' s , Incorporated,  "R.R.  Moore  Fatigue  O.ita  tor  HY-130 
Steel,  lest  Frequency  = 100,000  Cl’M,"  (1965). 

^^Miller,  0.1).,  "Hydrotoil  M.iteri.il  Fvaluation  - Base  Metal  (X  Coated 
Metal)  Fatigue  and  Fracturi'  Studies,"  Boeing  Dcuument  0180-15167-3 
(Nov  19  7')). 


15 


^ (ksi) 
n 

S (ksi) 
r 

n/B  lock 

8.  72 

17.44 

544 

11.05 

22.10 

312 

1 i.  70 

2 7.40 

1 38 

n.88 

67.76 

1 

29.69 

59 . 38 

3 

21.58 

43.  16 

1 

Cuiniil  ;iL  ive  damage  calculations,  based  on  Boeing  S-N  data  K^  = '3.13  of 
figure  22  are  presented  in  Table  17.  Failure  was  predicted  in  59,873 
spectr.i.  while  the  actu.il  failure  occurred  after  2146  spectra. 

Fatigue  strength  at  10^  cycles  is  related  to  the  stress-concentration 
factor  for  HY-13()  cycled  in  air  in  Figure  23.  A stress-concentration  factor 
I't  7.7  was  determined  for  box  beam  6. 

Residual  stresses  of  10,  2t),  25,  and  30  ks i were  assumed  in  the  box 
bean,  and  results  h.ive  been  shown  in  Figure  24.  An  assumed  residual  stress 
oi  }()  ksi  with  a K^=).ll  will  predict  failure  in  box  beam  6. 


BOX  BKA.V  7 - 17-41-11  DA  1100  STAINl.KSS  STKEL 
Ihickness  = 0.3125  incli;  Ultimate  strength  = 126  ksi. 
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(umulfiLive  damagt*  calculations  were  based  on  the  hoeing  Company 

compilation  of  all  available  17-4l’H  stainless  steel  data.^  Figure  25 

presents  the  relationship  between  stress-concentration  factor  and  fatigue 

5 

strength  at  10  cycles  as  developed  in  Reterence  5.  Stress  ctnicentrat ions 
ol  2,  j.  and  4 were  assumed  for  box  beam  7,  and  calculations  were  per- 
formed based  on  Figures  2b  through  2H,  respectively.  Tie  results  are  pre- 
sented in  lable  18.  A K^=3.4  would  cause  failure  (1051  spectra)  in  box 
beam  7 . 

Residual  stresses  of  5 and  10  ksl  were  assumed  ior  = l for  box  beam 
7,  and  the  calculated  lives  were  1181  and  219b  spectra,  respectively.  An 
as.sumod  residual  stress  of  b ksl  will  predict  failure  in  box  beam  7. 

5.  BOX  BE/VM  8 - 17-4FH  H 1100  STAIN’LES.S  STEEL 

Ihickness  = 0.1125  inch;  Ultimate  strength  = 158  ksi. 
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Stress  concentrations  of  2 and  1 were  .t‘--.aned  t r '.  x beam  8,  and 
calculations  were  performed  based  on  Figures  2*'  .md  ..  , r espei  t i ve  ly . 

The  results,  presented  in  Table  14,  indie. ile  K^  = 1.0  wall  prediit  failure 
in  box  beam  8 (122b  spectra). 


AJM’KNDIX  b 

SUR FACE-  FI^\W  ANALYSFIS 


Surface-flaw  analyses  were  performed  for  each  box  beam  using  various 
initial  t 1 aw  sizes  and  model  etiuations.  Initial  flaws  were  based  on  the 
minimum  detectable  crack  for  the  following  nondestructive  testing 
te'^hniques  . 

1.  F.ddy  Current 

2.  ritrasonics 

3.  X-Ray 

Each  flaw  was  analyzed  with  Paris  and  Forman  equations,  both  retarded  and 
unretarded.  The  process  produced  12  predictions  for  t ime- to-f a i 1 ure 
(tr.insition  to  through  crack)  for  each  box  beam.  Table  20  shows  results  in 
terms  of  number  of  load  blocks  to  failure.  In  Table  21  the  initial  flaws 
and  models  used  for  each  analysis  and  box  beam  are  ranked  tor  closeness  of 
prediction  to  first  failure.  Analyses  performed  using  the  Forman  equation 
give  a much  shorter  Life.  This  Is  c.aused  by  the  majority  of  the  loads  in 
the  spectrum  having  a high-stress  ratio  R.  In  the  Forman  ecjuation  for 
. rack  growth,  higher  R-value  loads  produce  higher  crack-growth  rates  for 
till-  same  stress-intensity  range.  Ihe  I’aris  equation  is  based  only  on 
St ress- i ntensi ty  range  and  does  not  depend  on  the  R. 

Crack-growth  data  used  were  upper-bound  (f.ister)  growth  d.ita.  A 
curve  lit  w.as  used  to  calculate  the  constants  used  in  the  crack-growth 
equal  i‘  ti.  The  ilY-H()  and  HY-13(),  crack-grt'wth  rates  are  shown  in  Figures 
29  and  10.  Crack-growth  data  lor  HY-HO  and  IIY- 130  in  air^'^  .iiul  HY-130  data 
in  saltwater'  wire  obtained  from  C . S . Steel.  Very  tew  d.it.i  are  avail. ibli' 
lor  IIY-HO  in  s.a  1 iw.iter . An  assumet'  r.ate  w.ts  calculated  bv  sc.il  ing-up  the 
IIY-BO  air  dat.i  by  the  s.ame  ratii'  as  thii  HY-130  c r.ick-growt h rate  incre.ased 


' ^B.arsom,  -I.M.  et  al  , "Fatigue-Crack  Propag.ition  in  High  Yield-Strength 
Steels,"  Engineering  Fracture  Meih.anics,  Vol  2,  pp.  101-317  (1971). 

'^^Barsom,  I.M.  et  al.,  "Corrosion-F.it  igure  Crack  Prop.ag.il  ion  Below 
Kjsj.j,  in  Four  Hlgh-Yield-Strength  Steels,"  United  States  Steel,  Project 

B9. 021-024(1)  (14  Dec  1970). 
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iVUiCUllNO  FAtiE  bJuANK-NOT  FlTX'JsXi 


from  .lir  to  saltwater.  Figure  31  shows  crack-Rrowth  rates  tor  17-4PH. 

ArK(>ii-oxyKi-ii  -nell,  H 1050  data  from  NRl.*^  (Naval  Research  Laboratory)  were 

1 8 

used  tor  box  beam  7.  Vacuum  melt  H 1050  data,  also  from  NRl. , were  used 
tor  box  bisim  8. 

In  HY-HO  box  t)eams  2 tlirouglt  4,  the  ultrasonic  surlace  flaw  with  the 
Kt'rman  unret.irded  eciuation  produced  the'  closest  prediction.  Other  combi- 
nations gave  lives  that  were  mucli  greater  than  the  actual  life.  Tb.  i s could 
lu'  due  to  the  presence  of  .i  larger  initial  flaw  si/.e  than  that  assumed  or 

to  the  crack-growth  rates  being  greater  than  those  represented  by  data. 

Since  the  c r.K  k-growth  data  used  to  calculate'  the  material  constants  were 
upper-bound  (taster-growth)  data,  the  assumed  initial  flaw  size  was  most 
'.  ikelv  in  error. 

The  eddy-current  fl.aw  and  tlie  Paris  equ.it  ion  analysis  best  predicted 
tile  lives  ol  ilY-liO  box  beams  5 and  6.  Kqu.itions  using  tlie  retardation 
r ait  -r  produced  the  closest  prediction  for  box  beam  5 in  saltwater,  while 
equ.it  ions  using  ttie  unretarded  parameter  gave  .i  bettei  fit  foi  box  beam  6 

■.  led  in  .i  i i . fable  21  shows  that  tlie  eddy-current  flaw  with  tlie  Paris 

etpi.ii  ion  is  best  for  predicting  the  life  of  box  beam  5.  In  box  beam  6 
(.lir),  i’aris  unretarded  and  Forman  retarded  equations  in  combination  with 
either  .in  eddv-c ur rent  or  in  X-ray  flaw  produce  close  results. 

box  beam  7 was  constructed  of  vacuum  melt,  17-4PH,  directly  aged 
steel.  Since  pr.ictically  no  c rack-growt  li  data  exist  for  this  lusit  treat- 
ment of  17-4P11,  argon-oxygen  melt  H 1050  was  used  to  represc-nl  this  l)ox 
beam.  liotli  materials  liave  .i  fairlv  low  fr.icture  tougliness,  comp.ired  with 
other  heat  treatments.  Using  tliese  crack-growth  d.it.i  to  derive  material 
const. lilts,  a Forman  rc-tarded  model  works  well  witli  e i t in  r .in  X-rav  or  an 
eddy-current  flaw  to  predict  life. 


^^Lrooker,  I.W.,  "Ft  feet  of  Heat  i'le.itment  on  Cor  ros  i on- F.i  t i gue  Crack 
(.rowtli,"  Knclosure  to  NRL  letter  f)lH4-9N  (1974). 

1 

Crooker,  T.W.  et  al.,  "Influence  of  Fxiier  iinenta  1 Factors  cm  Corrosion- 
F.itlgue  Crack-Crowth  Rate  Characterization  in  1 7-4Pil  Steel,"  Keiiori  of 
NRl,  Progress,  iip.  21-23  (May  197b). 
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Vacuum-melt,  solution-treated  and  aged, 
to  construct  box  beam  8,  which  was  cycled  in 
equation  model,  using  either  an  eddy-current 


17-4F’H  H HOC)  steel  was  used 
saltwater.  The  Paris  retarded 
or  an  X-ray  flaw  gave  the  best 


life-duration  predictions. 


APPENDIX  C 


throu(;h-cr.\ck  ,\naeyses 

Unci’  .»  through  crack  appeared  In  a box  beam,  mea.s'jrements  conld  be 
taken  of  tbe  ^rowtfi  of  this  crack.  Box  beams  5 and  b had  tfiree  tfirou^th 
Clacks  eaiii  for  wtiicti  data  were  available;  box  beams  7 .md  H iiad  one  crack 
eacli.  Some  of  ttie  measurements  were  taken  in  a iimited  time  frame  so  tiiey 
did  not  represent  an  appreciable  amount  of  >;rowth.  Complete  data  covering 
a large  ruraber  of  cycles  were  available  for  four  cracks.  These  cracks  were 
analvzed  using  Forman  .iml  Paris  etpiations,  with  and  without  retardation. 
Figures  2 tlirough  35  cc>mpare  predictions  for  each  cr.ick  witii  .ictual  data. 

For  all  box  be.ams , the  Paris  retarded  model  fits  the  actu.il  crack- 
growtii  d.’ta  the  best.  The  Forman  retarded  and  I’aris  unretarded  models 
give  essenti.illv  the  same  results;  however,  both  i)redict  faster  growth 
than  actu.illv  occurred.  The  Form.in  unretarded  model  does  not  appear  to 
apply  at  all  to  tliese  box  be.ams  (5  tlirough  7)  as  it  gives  much  faster 
growth  than  occur;:.  in  reviewing  the  total  growth  range , the  Paris  re- 
t.irded  model  seems  to  give  slight'v  f.aster  growth  th.an  ociurs,  except  for 
box  be.am  7,  which  shows  slightly  slower  growth.  Since  the  m.aterial  crack- 
growth  constants  were  calcul.ated  from  d.ita  representing  the  t.astest  r.ates 
of  growtli,  tile  predif  ti-d  growth  should  he  an  upper  bound.  1 tu  s would  indi- 
cate th.at  the  Paris  unret.arded  model  better  predicts  cr.uk  gmwtfi  in  box 
be.am  7.  For  comp.arison,  material  crack-griiwtli  const. ints  weie  cilcul.ited 
from  lower-bouiul  (slower)  growtli  data  .iiul  the  .iver.ige  of  lower  and  upper 
bound  d.al.i.  I'hese  const. Hits  were  then  used  to  make  lu'w  prediitions  for 
through  ( r.uks  with  the  P.aris  ret.ariliai  model  tor  box  bisims  5 .md  h .and  the 
Paris  unret.irded  model  .as  box  beam  7.  The  results  ot  these  .iii.a lyses  h.ive 
been  shown  in  Figures  If)  througli  li.  Crack  growth  lor  .i  m.ajoritv  I'f  the 
d.at.a  points  is  br.acketed  with  the  lower-  and  upper-bound  d.lt.l.  I'lie  average 
v.aliies  laimi’  closisst  in  prediiting  t lu'  actual  track  growth  tor  e.ach  of  the 
four  througli  i racks. 


iWtCEUlNO  lAiiK  bLANlUNOT  FlWM) 


Craok-j^rnwlli  used  fur  lt)wer-bouud  rates  were  obtained  from 

NKl. . ^ ^ Figure  ib  sliows  HY-liO  in  air;  Figures  37  and  38  siiow  HY-130 

and  17-Al’H.  respectively,  in  saltwater. 


^'^Crooker,  T.W.  et  al.,  "Kilects  ot  I.oadin^;  I’arameters  on  Fatigue- 
Crack  (Irowtb  in  HY-llO  .Steel,"  NRI.  Memorandum  Report  2822  (.lun  1474). 

^''crooker,  I.W.  and  W.K.  Cares,  "An  Kxploratory  Investigation  of 
(,orrosion-Fat  Igue  Crack  Crowtli  In  llY-110  Base  I’late,"  NRI.  Memorandum 
Report  2860  (Oct  1473). 


,M’1>i;ndix  d 


Sl'KFACK-i'LAW  ANAI.YSFS . USING  KKFINKD  MODELS 
oiicf  till'  most  applicable  model  Is  determined  from  the  llirout?h-cratk 
analysis  (Appendix  0)  new  predictions  can  be  made  for  the  surt ace-t law 
analyses.  fhe  initi.il  f l.aw  size  s used  are  the  s.ime  as  before.  The  I'aris 
retarded  model  was  used  tor  ilY-ljO  box  beams  5 and  6,  and  the  Paris  unre- 
tarded model  was  used  for  box  beam  7.  The  lower-bound  and  average  crack- 
growth  constants  were  utilized  in  the  new  analysis.  Results  are  shown  in 
Table  dd. 

.All  three  initial  flaws  were  reanalyzed  for  box  beam  5.  Predictions 
ol  lite  with  the  .\-ray  flaws  improved  us  they  did  with  the  ultrasonic 
flaw.  Ihe  eddy-current  tl.iw  which  had  i)redicted  life  the  best,  usiny; 
upper-bound  crack-^;riiwth  data  showed  an  in(  reuse  away  from  the  actual 
lile;  howevei , the  prediction  was  still  close  to  the  .ictual  life.  Using 
the  average  data  with  the  .X-ray  flaw  [jredicted  failure  within  8 percent  of 
the  ,i(  tual  life  for  box  beam  5. 

In  box  beam  b,  HY-15U  in  .i  i r , results  predicted  by  the  P.iris  retarded 
model  tor  the  eddy-current  and  X-ray  flaws  were  much  higher  than  for  the 
actu.il  lile,  so  these  initial  flaw  conditions  were  not  rerun.  The  new 
pri-di'.  ted  lite.  usine  the  utlr.isoiiii'  flaw  e<)uat  ion  w.is  closer  to  the  aitual 
life  but  still  less  thati  TO  percent  ot  the  lite.  This  would  indicate  that 
thi-  initi.il  t l.iw  was  l.irger  th.in  either  .in  ediiy-cur rent  or  .in  X-r.iy  t law- 
hut  sm.iller  th.in  ,in  ultr.isonic  iliw. 

In  box  beam  7 (17-A1T1),  the  lives  predicted  for  eddy-current  .and 
X-r.iy  t l.iws  were  gre.iter  th.in  the  .utu.il  lite,  so  only  an  ultr.isonic 
tl.iw  was  re.in.ilyzed.  TTiis  new  prediction  w.is  much  cli'Ser  th.in  the  previiuis 
v.ilue;  however,  it  w.is  still  only  50  percent  ol  the  .actual  life.  Again 
this  would  show  that  the  initial  flaw  size  w.is  between  th.it  ot  .in  ult.i- 
sonic  fl.iw  and  an  X-r.iy  or  eddy-current  tlaw. 
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APPENDIX  E 

NOTCH-ANALYSES  RESULTS  FOR  BOX  BEAMS  2 THROUC.H  8 


BOX  BEAMS  2,  3-  HY-80,  CYCLED  IN  SALITJATER 
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BOX  BE/VM  4 - HY-80.  CYCLED  IN  AIR 
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Spectra  to  Initiation 
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BOX  BEA.M  5 - HY-130, 
Assumed 


CYCLED  IN  SALTWATER 


Spectra  to  Initiation 
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iU)X  BI:AN  (■>  - HY-130  CYCLKI)  IN  AIK 


/Vssiinied  K^.  : 


Spectra  to  Initiation 
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BUX  Bi:,VM 


17-4  PH  H 1100  DIRECT-ACE-CYCLED  IN  SALTWATER 


Assumed  K^: 


Spectra  to  Initiation 
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TABLE  1 - MATERIAL,  CLOSEOUT  CON FI  CURAT  ION,  AND 
TEST  ENVIRONMENT  FOR  BOX  BEAMS 
1 THROUGH  8 


Box  Beam 


Material 

HY-80 

HY-80 

HY-80 

HY-80 

HY- 1 30 

HY-130 

17-4FH 

17-APH 


Conf iKurat ion 


S lot 

Slot 

Patch 

Slot 

Patch 

Slot 

Tee 

Patcli 


Env i ronment 

Air 

Saltwater 
S.il  twater 
Air 

Salt  w.i  t e r 
A 1 r 

Sa  1 1 W.I  t ••  r 
Sa 1 twater 


TABLE  2 - DETERMINATION  OF  MAXIMITI  STRESSES 
FOR  BOX  BEAMS  2 THROUGH  8 


Ma  t e r i a 1 

Maximum 

Load 

kips 

Measured 
Sensitivity 
psi /kips 

Max* 

ks  i 

HY-80 

62.7  3 

8A0 

52.60 

HY-80  1 

62.73 

8A0 

52.69 

HY-80 

62.73 

8A0 

52.69 

1 

HY-13()  1 

80.5 

10  30 

82.915 

HY-i30 

75.5 

1020 

77.01 

17-4PH 

52.5 

1 160 

60.90 

1 7-4PH 

65 

1250 

81.25 

Maximum  load  times  measured  sensitivity. 


TABLE  3 - STRESS  S1’ECTR.\  FOR  BOX  HE.AMS  2 rHROi:(.li 
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TABLK  A - FIKST-FAILURK  LOCATIONS  FOR 
BOX  BFAMS  2 THROUCH.  8 


Box  Beam 

Ma  t e r 1 a 1 

Test 

Environment 

F 1 rs t-Fa 1 lure 

l.ocat  Ion 

2 

HY-80 

Saltwater 

Cr.'icking  In  slot  welds, 
7080  blocks. 

3 

HY-RO 

Sal twater 

Crack  in  butt  weld, 

A 170  blocks. 

A 

HY-80 

Ai  r 

Crack  in  slot  weld, 
b2f)0  blocks. 

5 

HY- 1 30 

Saltwater 

I'wo  cracks  in  butt  weld, 
99b  blocks. 

b 

HY-130 

Air 

1 

Crack  in  slot  weld, 

1857  blocks.* 

7 

17-A1’H 

Sa 1 twater 

Crack  in  T-weld, 

'3051  blocks. 

8 

17-AI>H 

Sal twater 

Crack  in  toe  of  fillet 
of  internal  transverse 
stiffener,  122b  blocks.  i 

First  failure  of  box  beam  6 was  due  to  peeniiiK  el  a final  111  let 
weld  pass.  Tills  procedure  is  norm.ally  not  allowed  for  IIY-IM). 
Tilt-  next  failure  occurred  at  21Ab  blocks. 


j 


TABI.E  - EQUIVALENT  STRESS  SPECTFUV  FOR 
BOX  BEAMS  2 rHROUC.H  H 


N- 

Equivalent  Fully  Reversed  Stress 

Range  of  Box  Beams 

R=-l  In  ksl 

Cyc  les 

2,3,4 

5 

1 

h 

1 

7 

8 

54.4 

11.98 

19.50 

17.  A4 

13.62 

18.48 

312 

15.20 

25.00 

22.10 

17.22 

23.48 

138 

18.86 

31.  34 

2 7.40 

21.26 

29. 12 

1 

46 . 36 

72.96 

67.76 

53.58 

71.50 

3 

40.72 

69.56 

59.38 

45.68 

6 K 32 

1 

1 

29.57 

47. 31 



43.16 

3 3 . 90 

45.64 
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TABLE  f)  - C0M1’AR1S(;NS  OF  PREDICTED  FAIICUE  LIVES 
USINC  MINER'S  RULE  WITH  BOX  BEAMS 
2 THROUOH  8 


Box  Beam 

Material 

Environment 

First 

Fa i lure 
Blocks 

* 

Pred icted 

Fai lure 
Blocks 

— •, 

★ * 

Notch 

(;and  i t ion 

2 

HY-80 

Sa  Itwater 

7,080 

8,031 

K =3.2h 
t 

3 

HY-80 

Saltwater 

4,170 

8,0  31 

K =3.28 
t 

4 

HY-80 

Air 

b,260 

219,600 

K =3.28 

t 

5 

HY- 1 30 

Sa 1 twater 

996 

4 72 

K^=3.  13 

b 

HY-130 

Air 

2,146 

59,873 

K =3.13 
t 

7 

17-4PH 

Saltwater 

3,051 

3,897 

K =3.00 
t 

8 

17-4PH 

Sal twater 

1,226 

1,120 

K =3.00  i 

— i 1 

Based  on  Zn/N=l.O  for  condition  specified. 

Stress  concentration  factors  are  assumed  representative 
as-welded  conditions. 


of 


TABLE  7 - NOTCH  CONDITIONS  NECESSARY  iO 
PREDICT  BOX-BEAM  FAILURES 


Box  Beam 

Material 

— 

Knvl ronmcnt 

1 

First 

Failure 

j 

Notih 
Cond it  ion 



2 

HY-80 

Saltwater 

7,080 

3.7 

3 

HY-80 

Sal twater 

4.170 

6.7 

4 

HY-80 

A i r 

6 , 260 

•20 

5 

HY- 1 30 

Sal twater 

996 

2 . 4 

6 

HY-130 

Air 

2,146 

7.7 

7 

17-4PH 

Sal twater 

l,o51 

3.4 

8 

1 7-4PfI 

_ 

Saltwater 

1,226 

3.0 

;i 


TABLK  H RF.Sini'AL  TKNSIFE  STRESS  NECESSARY 
TO  CAUSE  BOX-BtjYM  FAILURES* 


Box  Ream 

Material 

hnvi  rt>nmenl 

j 

First 

Fal lure 

Kesidual  Stress 
ks  i 

3 

HY-HO 

Sa 1 t water 

7,080 

10 

3 

HY-80 

Sa 1 t water 

4 . 1 70 

20 

u 

llY-80 

Air 

6,260 

33 

5 

HY-no 

Sa 1 twat  er 

996 

None 

h 

HY-1 10 

A i r 

2,146 

30 

1 

17-4PH 

Sal twat  er 

^OSl 

6 

8 

' 17-4PH 

Sa  1 1 waiter 

1 

1,226 



None 



Stress-concentration  factors  are  assumed  representative  of 
as-welded  condition  -K^  = 3 . 00- 1 . 2A  . 


TABI.E  0 CLOSEST  PREDICTIONS  OF  SURFACE-FLAW  ANALYSES 


Box  Beam 

- - “1 

Ma  t c r i a 1 

^ j 

Knv i ronment 

Fi  rs  t 

Fal lure 

B1 ocks 

Pred icted 
Fal lure 

B locks 

F 1 aw 

Mode  1 



2 

llY-80 

Sa  1 1 w.ater 

7,080 

5,998 

UT-F-UR 

3 

HY-HO 

Sa 1 twate  r 

4 , 1 70 

5,998 

UT-F-UR 

4 

IlY-HO 

A i r 

6,260 

1 1,962 

UT-F-UR 

5 

HY-1 30 

Sa 1 1 wa  t e r 

996 

1,097 

EC-P-R 

6 

HY-riO 

Air 

2,146 

2,188 

EC-P-UR 

7 

1 7- 4 PH 

Sa 1 1 wa  t e r 

i,051 

1,  11  1 

X-F-R 

8 



1 7-4PH 

S.t  1 1 wa  ter 

1,226 

J 

F.C-P-R 

Note:  EC  » eddy  current;  UT  = ultrasonics;  X » X-rav;  F = Forman; 

P « Paris;  R » retariied;  UR  = unreiardi’d. 


72 


Nuiidi'st  rue  t 1 vf 
1 i-st  iriK  Method 

Kddy  Current 

U 1 1 r.ison  I es 

X-Ruv 


TABLE  10  - NOTCH  CKOMETK 1 ES 
Ini  ti.il  Fl.iw  Condition  Root  K.idias 


. 1 

1 1 

in . 

r n 
U - J 

in. 

.'i/» 

O.OIS 

0.J30 

0.  510 

0.029i 

().0f>0 

O.IHK 

0.102 

0.0)191 

0.0^>0 

0.  100 

0.050 

1.0 

TABLE  11  COMfAKlSON  OK  EC^UATTO.NS  FOR  COMPUilNX: 


Nondestructive 
Testing;  Method 

Equ.it  ion  (9) 
1+2  r'a/  p 

1 Kquat-ion  (10) 
0 . 7 8+2 . 24 »^a / p 

** 

Eddy  Current 

1 . J4 

DNA 

** 

L'l  t r.ison  ics 

2.5 

DNA 

Equut ion  (11)* 
Assumed  R. 


Notes : 

DNA  = Does  not  .ipply. 

* (K,  - 1) 

Equii'  Ion  (11):  = 1 + • 

()  = 0.810  for  ullrnsonics  1 law 
q = 0.7)9  for  .X-ray  flaw. 

* * 

DNA  - a/p  not  within  limits  1 < .i/p  • 160. 

* * ★ 

DNA  - ( not  less  than  or  equal  to  0.10. 


TABLE  12  - TOTAL  PREDICTED  LIFE  FOR  BOX  BEAMS 
2 THK0U(;H  H 


Box  Beam  Life 


7,080 


Predicted  Flaw- 

C.rowth  Life  Flaw  Model 


A.  170 
6,2  60 


I 2,1A6 
I 3,05l' 


1,226 


5,998 


5,998 


11,962 


3,057 
1 , 200 


UT-F-CR 


UT-F-UR 


UT-F-UR 


X-P-R 


X-F-R 


UT-P-R 


EC-P-R 


Predicted  Flaw  Total 
Initiation  Life 

206  6,204~j 

I 

206  6,20A  j 

; [ 

2A5  I 12,207  i 


1,881  ' 


3,211 


Average  Data  Used. 

Note:  EC  = eddy  current;  UT  = ultrasonics;  X = X-ray;  F = Forman; 

P = Paris;  R = retarded;  UR  = unretarded. 


TAB' E n - CRj\CK  INIiiATlON  AS  PERCENTACE  OF 
TEST  LIFE  AND  TOTAL  PREDICTED  LIFE 


ox  i Test 
earn  ; Life 

2 ^ 7 , 080 

I 

I 

3 iA,170 
A 16,260 


6 2,1A6 

7 3,051 


Predicted  Life 

Flaw  Inltl- 
Crowth  at  ion 

5,^198  206 


1,226 


5,998  206 

11,962  I 2A5 


1,713  168 

3,057  15A 


1,200  77 


Total 


6.20A 


6,20A 


12,207 


1,881 


Initiation  as 
Percentage  of 
Test  Life 


Initiation  as  1 
Percentage  of  | 
Test  Predicted  j 
Life  I 


Average 


TABLE  16  - CUMULATIVE  DAEUVGE  CALCULATIONS  FOR 
BOX  BEAM  5 


Stress 

Range 

(ksl) 

n 

N 

HY-130 

Boeing 

K^-3. 13 

n/N 

19.50 

544 

1.05  X 10^ 

0.000518 

25.00 

312 

4.6  ^ 10^ 

0.000678 

31. 3A 

138 

2.2  X 10^ 

0.000627 

72.96 

1 

1.3  X 10^ 

0.0000769 

65.56 

3 

1.5  X 10^ 

0.000200 

47.31 

1 

5.8  X lo'^ 

0.0000172 

E 

0.002117793 

Spectra 

to  Failure 

472 

j Note;  See  Figure  20  for  S-N  Curves.  j 

TABLE  17  - CLTRfLATIVE  DAMj\{;E  CALCULATfONS  FOR 
BOX  BEAM  6 


Stress 

Range 

(ksl) 

r 

n 

‘ ■ N 

llY-130 

Boeing 

K -1.13 
t 

i 

n/N 

8 

1 7.44 

544 

>10 

22.  10 

312 

•10^ 

2 7.40 

138 

■10« 

5 

— b 

67.76 

1 

1.1  X 10-^ 

9.091  > 10 

s 

59.38 

3 

O 

X 

7.5  X 10  " 

h 

-7  ' 

43.16 

...  ‘ 1 

9 10 

1.11  X 10 

1.6  702  ' 10 


Spectra  to  Failure  69,873 

Note:  See  Figure  22  for  S-N  Curves. 
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TABLE  18  - CUMULATIVE  DA>U\GE  CALCULATIONS  FOR  BOX  BE.AM 


X <N  I 

X <T 

II  • 1 

2:  I I 

r'H  -H  ' 

^ ti-  I 


X 

CL,  CnJ 

<r  If 

I LJ  • 

Ui  QO 


X vO 
a,  r-j  fsi 
-7  II 
I w • 
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in 

m 

■O 
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O 
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00 
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xO 

00 
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! ^ 
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ro 

o 
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r*^ 

f— ^ 

CM 

•sT 
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' x> 

1 

sO 

m 

<r 

<J“ 

in 

o 

O 

o 

O 

o 

o 

1-^ 

t-H 

rH 

fH 

^H 

i 

X 

X 

X 

X 

y 

y 

in 

in 

00 

1 

00 

m 

1 

m 

m 

m 

m 

vO 

o 

o 

O 

O 

O 

o 

1 o 

f-H 

•-H 

r-^ 

»H 

1 ^ 

y 

y 

y 

X 

. ! 

X 

m 

m 

m 1 

1 00 

<r 

m 

• 

i 

• 

in 

<T 

m 

ro  1 

in 

• 

m ' 

. 

m 

• 1 

1 in 

vj 

m , 

Csl 

vt 

i 

m 

o 

o 

O 

O 

O 

O 
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1 

y 

y 

y 

y 
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1 

m 

m 
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1 
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sD 
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TABLE  20  - PREDICTED-LIFE  VALUES  FOR  SURFACE  FLAWS 
(Predicted  Life  (Blocks)) 


1 

Box  Beam  j 

Flaw-Model 

2.3 

4 

6 

8 ! 
J 

EC-P-R 

•k 

* 

1,097 

3,508 

6,843 

EC-P-UR 

* 

* 

659 

2,188 

4,457 

! 

739  j 

EC-F-R 

* 

* 

578 

1,564 

2,351 

445  1 

EC-F-UR 

10,792 

k 

344 

1,077 

1,729 

284  i 

UT-P-R 

* 

k 

204 

531 

2,064 

185  ! 

UT-P-UR 

11,826 

* 

125 

354 

1,198 

119 

UT-F-R 

k 

* 

134 

300 

716 

84  : 

UT-F-UR 

5,998 

11,962 

41 

97 

381 

27  ■ 

X-P-R 

* 

* 

854 

3,894 

9,761 

1,057 

X-P-UR 

k 

* 

517 

2,465 

6,252 

665 

X-F-R 

k 

* 

453 

1,713 

3,311 

391 

X-F-UR 

1A,755 

★ 

241 

1,129 

2,500 

240  : 

Actual 

Failure 

7,080  and 
4,170 

6,260 

996 

2,146 

3,051 

__  J 

1,226 

i 

Note:  EC  = eddy-current  flaw,  0.015  x 0.25  in.;  UT  = ultrasonic 
flaw,  0.06  * 0.188  in.;  X = X-ray  flaw,  0.05  -<  0.10  in.; 

F = Forman;  P = Paris;  R = retarded;  UR  = unretarded. 


Predicted  life  >15,000  blocks. 
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TABLE  22  - REANALYSES  OF  SURFACE  FLAWS,  USING 
CRACK-GROWTH  DATA 


TT 


»2 
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